Sweden has remained uncertain. These landforms offer the potential to elucidate 12 glacier response prior to the period of direct monitoring and provide an insight into 13 the ice-marginal processes operating at polythermal valley glaciers. This study sets 14 out to test existing interpretations of Scandinavian ice-marginal moraines which 15 invoke ice stagnation, pushing, stacking/dumping, and push-deformation as 16 important moraine forming processes. Moraines at Isfallsglaciären were investigated 17 using ground-penetrating radar to document the internal structural characteristics of 18 the landform assemblage. Radar surveys revealed a range of substrate composition 19 and reflectors, indicating a debris-ice interface and bounding surfaces within the 20 moraine. The moraine is demonstrated to contain both ice-rich and debris-rich zones, 21 reflecting a complex depositional history and a polygenetic origin. As a consequence 22 of glacier overriding, the morphology of these landforms provides a misleading 23 indicator of glacial history. Traditional geochronological methods are unlikely to be 24 effective on this type of landform as the fresh surface may post-date the formation of 25 the landform following reoccupation of the moraine rampart by the glacier. This 26 research highlights that the interpretation of geochronological datasets from similar 27 moraine systems should be undertaken with caution. 28 29 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 surrounding: (i) the origin of ice (Schytt 1959; Østrem 1963 , 1964 Ackert, 1984 limited under an ameliorating climate. In areas characterised by permafrost, ice-56 cored terrain can be preserved over longer time scales (Sudgen et al. 1995) . A 57 typical ice-cored moraine is composed of relict glacier ice that becomes isolated from 58 the glacier terminus under a sufficiently thick debris cover (Goldthwait 1951; Østrem 59 1959 , 1964 Evans 2009 ). Whilst researchers have observed glacier ice within the 60 structure of ice-marginal moraines in Scandinavia (Schytt 1959; Ackert, 1984) , after 61 analysing the crystallographic properties, Østrem (1963) highlighted that ice within1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 work is required to further validate the exact mechanisms of moraine formation and 95
modification. 96
The glaciers of the Kebnekaise region have been subject to significant 97 glaciological research (e.g. Schytt 1962 Schytt , 1966 the landforms remains unclear. This is at odds with the importance of these sites for 103 contextualising current and future glacier change. The potential snowbank origin of 104 ice contained within these moraines, the various competing hypotheses in relation to 105 their mode of formation and the potential post-depositional modification of these 106 landforms distinguishes them from other ice-cored moraine, yet there is a paucity of 107 research that investigates the significance of these geomorphological features. A 108 modern investigation of the characteristics of these features is therefore warranted. 109
This study sets out to test existing interpretations of Scandinavian ice-110 marginal moraines which invoke ice stagnation, pushing, stacking/dumping, and 111 deformation as important moraine forming processes. The objectives of this research 112 are therefore to: (i) document the structural character of moraines at Isfallsglaciären 113 using ground-penetrating radar; (ii) infer the mode of formation and palaeo-114 glaciological significance of the moraine complex developed at Isfallsglaciären; and 115 (iii) examine the wider implications in relation to the use of Scandinavian moraines 116 as a palaeo-environmental proxy. This work is important because Isfallsglaciären 117 has been dynamic over the course of the Holocene and the moraines provide insight 118 into these changes prior to the period of direct measurements and observations. 119
Overview of study site 120
Isfallsglaciären is a ~1.5 km long valley glacier located in the Kebnekaise Mountains 121 in northern Sweden (Fig. 1) . The glacier has an easterly aspect and has receded 122 ~500 m from the recent maximum extent in the 1920s, when the glacier overrode the 123 inner moraine ridge (e.g. Østrem 1963; Karlén 1973 likely that the thermal regime of Isfallsglaciären is undergoing a similar evolution. 132
The morphology of the Isfallsglaciären moraines has previously been 133 described by Schytt (1959) and Karlén (1973) . In this study, the moraine complex is 134 split into three zones based on morphological criteria (Fig. 1) . Within the outer-frontal 135 zone, (Zi) an outer subdued moraine ridge attains a relief of ~10 m above the 136 surrounding terrain. A series of discontinuous mounds are present on the distal slope 137 of the subdued ridge. Within the inner-frontal zone (Zii), an inner moraine ridge, 138 which rises up to ~20 m above the surrounding terrain, is found. Moraines in Zii are 139 overprinted with flutes related to overriding of the ridge by a glacier advance in 1910 140 (Karlén 1973) . Within the lateral complex (Ziii), a lateral moraine of significant 141 topographic prominence rises ~20-30 m above the surrounding terrain. This feature 142 displays a furrowed morphology and includes a prominent arcuate ridge. A semi-143 permanent snowbank occurs on the distal slope of this feature (e.g. Østrem 1964 ; 144 Karlén 1973) . 145
Methods and materials 146
Radar data were collected using a Pulse EKKO Pro GPR in spring 2013 under winter 147 conditions to ensure frozen ground. Reflection surveys were undertaken with a 148 100 MHz perpendicular broadside antenna configuration using a 0.25 m step size 149 between traces and a 1 m transmitter/receiver separation distance. A distance 150 of >5 m was kept between the control unit and transmitter/receiver setup to minimise 151 signal interference. Traces were manually triggered using either the control unit 152 interface or a CANBUS electrical beeper and used a time window of 800 ns. Surveys 153 were conducted along a 100 m tape to ensure that the correct step-size was 154 maintained throughout the survey. To correct radar profiles for topography, height 155 was surveyed on each transect using an automatic level. A Garmin GPSMap 62 was 156 also used to record the start and finish location of each transect. During CMP/WARR 157 (common mid-point/wide-angle reflection-refraction) surveys, the fibre optic cables 158 (each of which were 20 m in length) limited the maximum separation to 38 m, with 159 WARR surveys using a common receiver configuration. Post-processing of 160 CMP/WARR and reflection data were conducted using the EKKO_View Deluxe 161 software from Sensors and Software. Three post-processes were applied to 162 reflection profiles: (i) dewow; (ii) topographic correction; and (iii) gain control. 163
Automatic gain control (AGC) was applied to six of the seven survey profiles. For a 164 single profile, constant gain was found to provide a clearer visualisation of 165 subsurface features, so it was used in place of AGC. 166
The radar data were interpreted qualitatively following post-processing. 167
Terminology used to describe radar facies and surfaces was adopted from Neal 168 Clasts (samples of n = 50 per facies) were assessed for shape and roundness 178 (Powers 1953; Benn 2004 ), however, it was not feasible to record clast shape for 179 boulder-gravel facies. Shape (C 40 ) and roundness (RA) indices were calculated to 180 facilitate discrimination between samples (e.g. Benn & Ballantyne 1994) . These data 181 are presented alongside the reflection datasets. 182
Results

183
Radar propagation velocity 184 WARR and CMP datasets were processed to obtain radar-wave velocities (Fig. 2) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 within the boulder-gravel surface facies across Zii appears to increase progressively 255 down-moraine (% RA = 96, 98, 88, 66, and 48). Diamicton sampled from facies in 256 proximity to profile 6 and 7 had a predominantly angular clast component (% RA = 257 74; C 40 = 20 and 74; C 40 = 26). 258
Interpretation 259
Radar wave velocities and likely composition 260
The propagation velocity of radar waves is related to the subsurface composition 261 (Neal 2004) . Thus, by relating the velocities obtained to values for known substrates 262 (Table 2) , the sedimentological characteristics of the landforms can be inferred. 263
Radar-wave propagation velocity also varies depending on the saturation and 264 thermal state (e.g. frozen or unfrozen) of a material (Neal 2004) . (Table 1) . It is unclear whether the strong signal 277 attenuation resulting from the thick silt-rich diamicton facies (hence shallow coherent 278 reflections visible in the velocity-depth plots) is masking ice-rich permafrost at depth 279 within the topographically prominent inner-frontal moraine (Zii). 280
The structural composition of the lateral complex (Ziii) is less straightforward, 281 but is highly likely to indicate the presence of ice within the landform. Here, the wide 282 range of radar propagation velocities ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 at Isfallsglaciären using electrical resistivity tomography (ERT) with surveys 287 undertaken where the lateral and frontal moraines adjoin (C Kneisel, pers. comm 288 2013). Given the coarse nature of the surficial sediments (boulder-gravel facies) and 289 known inclusion of ice within the landform, radar-wave velocities derived from rock-290 glaciers (Table 2) to that expected in snow (e.g. Table 2 ). As such, if snow was included into the 302 structure of the landform, it is likely to be of considerable age (potential age ranging 303 from centuries to millennia; e.g. Karlén 1973 ), resulting in recrystallisation, 304 compression and mixing with debris, thus accounting for lower than expected radar-305 wave propagation velocities for snow as specified in Table 2 . An ice-rich substrate in 306 lateral zones would also be consistent with existing interpretations of the adjacent 307 proglacial zone of Storglaciären, where there is disparity in size between the 308 subdued boulder-rich frontal moraine, and larger lateral landforms (Østrem 1964 which were found to relate to facies of stratified gravel and sand during ground truth 323 surveys. This unit is interpreted as an ice-contact fan resulting from both gravitational 324 flows and glaciofluvial deposition, however the relative chronology in relation to other 325 sections of the moraine is unclear (Fig. 4) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 conditions. An interpretation of ice-rich permafrost is also consistent with the field 372 observations of Østrem (1964) , who excavated the southern-lateral complex, and 373 found ice at depths of 2.2, 2.5 and 2.8 m. Here, for example, the estimated depth to 374 the reflector, thus thickness of the upper surface layer in question, ranges between 375 ~2.25 and ~4.5 m in profile 7. 376
Discussion 377
Development and significance of the Isfallsglaciären moraines 378
Conceptually, the moraine system at Isfallsglaciären is clearly distinguishable from 379 alpine temperate glacial landsystems, where distinct asymmetric ice-contact ramps 380 are produced as a result of the flowage of debris from supraglacial positions 381 (Humlum 1978 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 42 and 44), are likely to reflect the importance of one or more of the above 416 processes. 417
Whilst Karlén (1973) disregarded the ground-level photography taken by 418 Enquist, arguing that proximal enlargement was an important mechanism of moraine 419 development, the structural characteristics (down-glacier dipping reflectors) lend 420 support to the hypothesis of overtopping and distal deposition of debris (Zi -profile 2 421 and Zii profile 3 in Fig. 4) . Assuming that the ice-margin remains stable over multiple 422 years, mixtures of debris and snow present on the ice-distal face of the moraine will 423 be incorporated into the structure of the landform (e.g. Østrem, 1964) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 indicator of glacial history due to the palimpsest nature of the landforms (e.g. Fig. 4) , 500 which despite a probable formation during the mid-late Holocene, have survived 501 periods of glacier readvance, indicating ineffective self-censoring. As such, great 502 care needs to be employed when interpreting geochronological data obtained from 503 similar landforms. Additional work to document the structural characteristics of a 504 wider range of Scandinavian moraines is a worthwhile endeavour, which may further 505 advance understanding of the glaciological significance of the moraines and facilitate 506 understanding of relict landform assemblages in the geomorphological record. 507
Conclusions 508
Radar propagation velocity surveys reported here highlight that the frontal zone of 509 the moraine system at Isfallsglaciären is debris-rich, whereas lateral zones are ice-510 rich. The lateral zones of the moraines are, however, structurally divergent from ice-511 cored moraine counterparts in the high-Arctic, revealing hyperbolic and chaotic radar 512 facies. GPR reflection profiles appear to demarcate the spatial extent and depth at 513 which ice within the southern-lateral complex (Ziii) is buried. Radar-depth 514 conversions are in broad agreement with the reported findings of Østrem (1964) , 515 indicating ice at depths of ~2.25-4.50 m along profile 7. Given that previously 516 destructive methods were used to investigate moraine structure, GPR is shown to be 517 a valuable tool for documenting the structure of ice-marginal landforms. The frontal 518 landforms are complex in form, and whilst in places (e.g. parts of Zi) the ridges may 519 represent former ice-marginal positions resulting from Holocene glacier re-advances, 520 in others, overriding has reworked surface materials (e.g. Zii). It is unclear whether 521 the transmission of stress onto pre-existing ridges has influenced the morphology of 522 the investigated moraine system. The application of traditional geochronological 523 methods are unlikely to provide a useful measure of moraine age due to the 524 palimpsest nature of the moraine system, which has most likely developed as a 525 result of repeated occupation of the glacier forefield over the course of the Holocene. 526
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